Summary {#s1}
=======

Currently, it is believed that cell death in ventricular myocytes occurs via not only necrosis but also apoptosis. Necrosis is a destructive and uncontrolled process, whereas apoptosis is a highly regulated process of programmed cell suicide. The highly organised nature of apoptotic signalling renders it amenable to manipulation. However, the exact regulating mechanisms of apoptosis in ventricular myocytes remain unclear. A better understanding of the apoptotic pathways and their regulatory mechanisms might help identify novel therapeutic targets for alleviating myocardial damage and dysfunction.

HIF-1 is a transcription factor composed of a strictly regulated α-subunit and a constitutive β-subunit.[@R01],[@R02] HIF-1α is mainly regulated by hypoxia; this protein undergoes rapid ubiquitination and proteasomal degradation in the normal condition, but under hypoxic conditions, the degradation of HIF-1α is suppressed and it is translocated to the nucleus, where it dimerises with HIF-1β.[@R03] The heterodimeric HIF-1 molecule binds to hypoxia-responsive elements (HRE) located in the promoter and enhancer regions of hypoxia-regulated genes, causing their transactivation. HIF-1α is thought to be a crucial regulator of hypoxia-adaptational responses.[@R04]-[@R06]

Some genes that encode important proteins involved in the apoptotic pathway, such as some of the Bcl-2 family proteins, are regulated by HIF-1α. It was reported that the pro-apoptotic proteins Bnip3, Bad and Bax[@R07]-[@R09] are regulated by HIF-1α. HIF-1α exerts both anti-apoptotic and pro-apoptotic effects, depending on the cell type.[@R10] This differential effect is partly due to the regulatory effect of HIF-1α on the pro-apoptotic proteins on the Bcl-2 family.

To understand the function of HIF-1α in hypoxia-induced apoptosis in primary neonatal rat ventricular myocytes and the underlying molecular mechanisms, we induced apoptosis in primary neonatal rat ventricular myocytes by subjecting them to hypoxic conditions for 24 hours. HIF-1α activity was suppressed by treating the cells with YC-1, which is an HIF-1α inhibitor used widely in both *in vitro* and *in vivo* studies.[@R11] We observed that hypoxia increased the expression levels of HIF-1α and proapoptotic protein Bnip3 and the degree of apoptosis; however, when HIF-1α was inhibited by YC-1, there was a corresponding decrease in the level of Bnip3 protein expression and the degree of apoptosis.

Methods {#s2a}
=======

Cell culture, hypoxia, and inhibition of HIF-1α {#s2b}
===============================================

The hearts of one- to two-day-old rats were rapidly removed from the chest cavity under anesthesia; the heart samples were trimmed of atrial tissue, great vessels and pericardium. The ventricles were washed in ice-cold phosphate-buffered saline (PBS), cut into small pieces of about 1 mm^3^ and digested with 0.1% trypsin (Sigma). Cells were harvested after digestion and resuspended in Dulbecco's modified Eagle medium (DMEM)/F12 (1:1) (GIBCO) supplemented with 10% (v/v) foetal bovine serum (FBS, Hyclone), 100 U/ml penicillin and 100 μg/ml streptomycin. The fibroblast content in the cell suspension was reduced using a differential attachment method.

The cell suspension was transferred to 100-mm plastic culture dishes (Corning), which were placed in an incubator at 37°C for 90 min. The myocytes remaining in suspension were then plated onto new plastic culture dishes at a density of 5 × 10^5^ cells/ml for culturing. Cell viability at plating was assessed by trypan blue exclusion. To test the purity of the myocytes, they were subjected to immunocytochemical staining for expression of myocardial sarcomeric actin. On the fourth day of culturing, the cells were classified into various groups and incubated under normoxic (20% O~2~) or hypoxic (5% O~2~, 2% O~2~, 1% O~2~) conditions. In addition, cells cultured under conditions of 1% O~2~ were given 5 μmol/l YC-1 to inhibit HIF-1α activity.

Hoechst 33258 DNA staining {#s2c}
==========================

Nuclear staining with Hoechst 33258 was assessed to detect chromatin condensation or nuclear fragmentation, which are characteristic of apoptosis. Cells cultured on glass slides were fixed with 4% paraformaldehyde and stained with 1 μg/ml Hoechst 33258 (Sigma) for 10 min at room temperature. The cells were then washed three times with sterilised, distilled H~2~O. Cells were counted and 200 were isolated and scored for the incidence of apoptotic chromatin changes using a fluorescence microscope (TE 300, Nikon). Three independent investigators counted the cells.

Protein extraction and western blotting {#s2d}
=======================================

Cells were washed and scraped from the dishes. Cellular total protein was extracted by five packed-cell volumes of ice-cold lysis buffer (containing 10 mM Tris-HCl, pH 7.8; 1.5 mM ethylenediamine tetra-acetic acid (EDTA); 10 mM KCl; 0.5 mM dithiothreitol (DTT); 1 mM sodium orthovanadate; 2 mM levamisole; 0.5 mM benzamidine; and 0.05% Nonidet P-40) containing a protease inhibitor cocktail (Sigma), and three rounds of sonication (5 s, 4°C). Protein concentrations were determined using the Bio-Rad Bradford assay kit (Bio-Rad). Equal amounts of total proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to Immobilon-P membranes (Millipore). Membranes were blocked with 5% non-fat milk at room temperature for one hour and then incubated overnight at 4°C with primary antibodies, then incubated using a secondary antibody and detected using the diaminobenzidine detection kit (DAB kit, Amersham Pharmacia).

The primary antibodies used were antibodies to HIF-1α (H-206, Santa Cruz), Bax (N20, Santa Cruz), Bad (C20, Santa Cruz), Nip3 (C-18, Santa Cruz), and actin (Act40, Sigma). The secondary antibody was donkey anti-goat IgG-HRP or goat anti-rabbit IgG-HRP (Santa Cruz). For quantification purposes, densitometric measurements were performed using the Quantity One 1-D analysis software for Windows (Bio-Rad). The data from the western blot analysis were expressed as relative density/β-actin.

Data analysis {#s2e}
=============

The results were expressed as mean ± standard deviation (SD). For multiple comparisons, results were analysed by analysis of variance (ANOVA) and the least-significant difference *post-hoc* test was used to identify significant differences between the individual cell groups; *p* \< 0.05 was considered as statistically significant. All statistical analyses were performed using the SPSS 11.5 software.

Results {#s3a}
=======

Effect of hypoxia {#s3b}
=================

First, we investigated whether exposure to hypoxia would increase the expression level of HIF-1α and the degree of apoptosis in primary neonatal rat ventricular myocytes. Primary neonatal rat ventricular myocytes on the fourth day of culture were incubated under conditions of normoxia or different degrees of hypoxia. Our data showed that under the normoxic condition, the level of HIF-1α expression was low. As expected, the expression level of HIF-1α increased significantly (*p* \< 0.05, *p* \< 0.01; [Fig. 1](#F1){ref-type="fig"}) in response to hypoxia in a manner dependent on the degree of hypoxia.

![HIF-1α protein was induced by hypoxia in primary neonatal rat ventricular myocytes in a degree-dependent manner. HIF-1α protein expression in cells cultured for 24 hours under normoxic (20% O~2~) conditions and different degrees of hypoxia (5% O~2~, 2% O~2~ and 1% O~2~). (A) Total proteins were subjected to immunoblotting analysis with anti-HIF-1α or anti-β-actin. (B) Quantification of the expression level of HIF-1α (\**p* \< 0.05, \#*p* \< 0.01).](cvja-21-38-g001){#F1}

The apoptotic rate in the ventricular myocytes cultured under hypoxic conditions was significantly higher than that in the controls; the increase in the apoptotic rate of the former increased with the degree of hypoxia (apoptotic rate: 9 ± 2% in cells cultured under normoxic conditions; 26 ± 5.4% in cells cultured at 5% O~2~; 42 ± 6.2% in cells cultured at 2% O~2~; and 62 ± 5.4% in cells cultured at 1% O~2~ (*p* \< 0.01; [Fig. 2](#F2){ref-type="fig"}).

![Hypoxia strongly induced apoptosis in primary neonatal rat ventricular myocytes in a degree-dependent manner. Apoptosis in cells cultured for 24 hours under normoxic (20% O~2~) conditions and different degrees of hypoxia (5% O~2~, 2% O~2~ and 1% O~2~). (A) Hoechst 33258 staining results. Nuclei of apoptotic cells appeared to be intensely fluorescent, fragmented and condensed. (B) Hoechst 33258-positive apoptotic cells were quantified in terms of cells per high-power field. Original magnification was × 400. Hypoxia treatment significantly increased the number of apoptotic cells (\#*p* \< 0.01).](cvja-21-39-g002){#F2}

These data showed that HIF-1α seemed to be partly responsible for the apoptosis in primary neonatal rat ventricular myocytes cultured under hypoxic conditions.

Effect of HIF-1α inhibitor {#s3c}
==========================

To confirm that the apoptotic response to hypoxia in primary neonatal rat ventricular myocytes was mediated specifically by HIF-1α, the cells were treated with YC-1, a small-molecule inhibitor of HIF-1α. Cells were cultured at 1% O~2~ in the presence of YC-1 (5 μmol/l) for 24 hours and were analysed by immunoblotting for HIF-1α expression. Under hypoxic condition of 1% O~2~, HIF-1α activity in cells cultured in the presence of YC-1 was significantly less than that in those cultured in the absence of YC-1 (*p* \< 0.01; [Fig. 3](#F3){ref-type="fig"}).

![YC-1 mediated downregulation of HIF-1α protein. Cells were subjected to normoxic (20% O~2~), hypoxic (1% O~2~) and hypoxic (1% O~2~) conditions in the presence of YC-1 for 24 hours. The cells were then harvested. (A) Western blot analysis was carried out with HIF-1α proteins isolated from these cells. β-actin was used to monitor equal protein loading. (B) Quantification of the expression level of HIF-1α protein (\#*p* \< 0.01).](cvja-21-39-g003){#F3}

On selective suppression of HIF-1α activity by YC-1, there was a decrease in the degree of hypoxia-induced apoptosis. Under hypoxic conditions, the rate of apoptosis in cells cultured in the presence of YC-1 was nearly 20% less than that in cells treated in the absence of YC-1 (58 ± 7.9% and 38 ± 2.6% in cells cultured in the absence and presence of YC-1, respectively) (*p* \< 0.01; [Fig. 4](#F4){ref-type="fig"}). These findings confirmed that a decrease in the rate of apoptosis was specifically due to a reduction in the level of HIF-1α.

![Hypoxia-induced apoptosis decreased after inhibition of HIF-1α in primary neonatal rat ventricular myocytes. Cells were subjected to normoxia (20% O~2~), hypoxic (1% O~2~) and hypoxic (1% O~2~) condition in the presence of YC-1 for 24 hours. (A) Hoechst 33258 staining of cultures under (1) normoxia, (2) hypoxia, and (3) hypoxia in the presence of YC-1. (B) Hoechst 33258-positive apoptotic cells were quantified (per high-power field). Original magnification was × 400. YC-1 significantly decreased the apoptosis induced by hypoxia (\#*p* \< 0.01).](cvja-21-40-g004){#F4}

Effects of hypoxia and HIF-1α inhibitor on pro-apoptotic proteins {#s3d}
=================================================================

To further investigate the underlying mechanisms by which HIF-1α enhances the hypoxia-induced apoptosis in primary neonatal rat ventricular myocytes, we evaluated the expression levels of the pro-apoptotic proteins Bnip3, Bax and Bad. The Bnip3 expression level when the cells were cultured at 1% O~2~ was significantly higher than that under normoxic conditions (*p* \< 0.05; [Fig. 5](#F5){ref-type="fig"}). When HIF-1α activity was inhibited by treating the cells with YC-1 and there was a significant reduction in the apoptotic rate of cells compared to that under hypoxic conditions without YC-1, there was a simultaneous reduction in the expression level of Bnip3 (*p* \< 0.05; [Fig. 5](#F5){ref-type="fig"}). No clear-cut trends in the expression levels of the other pro-apoptotic proteins Bax and Bad were identified. These results suggest that HIF-1α probably mediated the occurrence of hypoxia-induced apoptosis by enhancing the activation of Bnip3.

![Expression of Bnip3, Bax and Bad under normoxia, hypoxia and hypoxia with inhibition of HIF-1α. Cells were subjected to normoxia (20% O~2~), hypoxic (1% O~2~) and hypoxic (1% O~2~) conditions in the presence of YC-1 for 24 hours. (A) Immunoblotting analysis for Bnip3, Bax and Bad expression. (B) Quantification of the expression of Bnip3 using western blot (\#*p* \< 0.01).](cvja-21-40-g005){#F5}

Discussion {#s4}
==========

In many cell types, HIF-1α is rapidly degraded and cannot be detected under normoxic conditions. Hypoxia can induce HIF-1α protein accumulation and mediate a hypoxia-adaptational response. Hypoxia is a characteristic feature of cardiac ischaemia. We cultured primary neonatal rat ventricular myocytes under different levels of hypoxia and examination of these cells revealed that the protein levels of HIF-1α in rat ventricular myocytes increased significantly under hypoxic conditions, depending on the degree of hypoxia [(Fig. 1)](#F1){ref-type="fig"}. In addition, as with others culturing cell types, our data showed that there was low accumulation of HIF-1α under normoxic conditions in primary neonatal rat ventricular myocytes [(Fig. 1)](#F1){ref-type="fig"}. This accumulation may be associated with the growth factor present in the medium and serum. Previous studies have suggested that some growth factors could stimulate expression of HIF-1α under normoxic conditions.[@R12]-[@R15]

Some studies have indicated that HIF-1 plays both an antiapoptotic and pro-apoptotic role, depending on the cell type. In our experiment, Hoechst 33258 DNA staining revealed that hypoxia could induce apoptosis in primary neonatal rat ventricular myocytes and that the degree of apoptosis depended on the degree of hypoxia [(Fig. 2)](#F2){ref-type="fig"}. These findings suggested that there might be an association between hypoxia-induced apoptosis and the accumulation of HIF-1α.

To elucidate the effect of this factor on hypoxia-mediated apoptosis in primary neonatal rat ventricular myocytes, we cultured these cells in the presence of YC-1, an inhibitor of HIF-1α. YC-1 blocked the expression of HIF-1α, which was induced by hypoxia, iron chelation and proteasomal inhibition, and also degraded ectopically expressed HIF-1α.[@R11] YC-1 inhibits HIF-1α activity *in vitro*, and *in vivo* and has no serious toxic effects;[@R16] 5 μmol/l YC-1 could have resulted in approximate reduction of HIF-1α proteins compared with short hairpin RNAs (hrRNAs) against HIF-1α.[@R17] Therefore, in our experiment, instead of genetic manipulation, we chose YC-1 for the inhibition of HIF-1α. It has been shown that, when YC-1 was added to hypoxia-treated cells, the level of HIF-1α expression decreased [(Fig. 3)](#F3){ref-type="fig"}, with a simultaneous decrease in the apoptotic rate of cells [(Fig. 4)](#F4){ref-type="fig"}. These data demonstrated that HIF-1α mediated apoptosis induced by hypoxia in cultured primary neonatal rat ventricular myocytes.

Some reports have described a possible role of HIF-1α in the modulation of apoptosis by inducing the transcription of different Bcl-2 pro-apoptotic members and other proteins involved in apoptosis. Bnip3 is a member of the Bcl-2 family proteins, which display pro-apoptotic activity. This protein contains the Bcl-2 homology (BH3) and a single carboxy-terminal membrane-anchoring domain (TM), which targets specific intracellular organelles, especially mitochondria.

Recent studies have shown that BNIP3 undergoes a dual subcellular localisation and initiates different cell death-signalling processes in the endoplasmic reticulum and mitochondria in a rat dopaminergic neuronal cell line.[@R18] Bnip3 promoter was identified to contain the binding sites for HIF-1α.[@R09],[@R19] Elevated levels of Bnip3 expression have been observed *in vivo* in an animal model of chronic heart failure[@R20] and have been found to be expressed in considerable amounts in the adult myocardium.[@R21] Moreover, Bnip3 expression has been reported to be upregulated in neonatal rat ventricular myocytes subjected to hypoxia, resulting in mitochondrial dysfunction and subsequent cell death.[@R09],[@R22] Bnip3 has been demonstrated to induce both necrotic and apoptotic cell death.[@R22]-[@R24] However, investigations must be carried out to determine whether HIF-1α or alternative cellular factors mechanistically account for the induction of Bnip3 during hypoxic injury of ventricular myocytes.

With western blot analysis, we observed an increase in the expression level of Bnip3 in cells exposed to hypoxic conditions. When YC-1 was added to cells exposed to hypoxic conditions, there was a decrease in the expression level of HIF-1α and a simultaneous decrease in the that of Bnip3. The concurrent changes in the expression levels of two pro-apoptotic proteins of the Bcl-2 family, Bax and Bad were unclear.

Due to a shortage of funds, we have not further tested the role of Bnip3 expression in HIF-1α-mediated apoptosis in cultured primary neonatal rat ventricular myocytes. The present results could suggest a possible link between hypoxia, HIF-1α signalling and the activation of genes encoding Bnip3, which are involved in apoptosis in primary neonatal rat ventricular myocytes.

Conclusions {#s5}
===========

We found that exposure to hypoxic conditions for 24 hours increased the levels of HIF-1α expression in a manner that was dependent on the degree of hypoxia. The apoptotic rate in ventricular myocytes was also increased in hypoxia-exposed cells in a manner dependent on the degree of hypoxia. The expression level of the pro-apoptotic protein Bnip3 was upregulated under hypoxic conditions. When HIF-1α activity was suppressed by treatment with YC-1, the hypoxia-induced apoptosis and Bnip3 expression were blocked.

We concluded that HIF-1α mediated apoptosis in primary neonatal rat ventricular myocytes cultured under acute hypoxic conditions, and that the pro-apoptotic protein Bnip3 may be one of the key molecules involved in this effect of HIF-1α. Targeting HIF-1α may represent a new strategy for reducing ventricular myocyte apoptosis induced by hypoxia.
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